Introduction
============

Parkinson\'s disease (PD) is the second most prevalent neurodegenerative disease worldwide after Alzheimer\'s disease ([@b1-mmr-17-04-4883]). PD is characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and decreased dopamine levels in the striatum of the basal ganglia ([@b2-mmr-17-04-4883]). Although decades of research have seen advancements in the field, the precise mechanisms underlying the pathogenesis of PD remains to be fully elucidated ([@b3-mmr-17-04-4883]). However, studies conducted over the last decades, including age, epidemiological, environmental toxins, genetic, immune dysfunction and postmortem studies, have contributed significantly to the understanding of the PD pathogenesis ([@b4-mmr-17-04-4883]--[@b6-mmr-17-04-4883]). Understanding these mechanisms may provide us the future disease-modifying strategies.

In recent decades, peripheral inflammation has been considered to increases the deleterious effect of CNS inflammation on the nigrostriatal dopaminergic cells ([@b7-mmr-17-04-4883],[@b8-mmr-17-04-4883]), and the peripheral immunity has been recognized to increase the central inflammation in neurodegenerative processes ([@b9-mmr-17-04-4883]). Considering the deleterious role of peripheral inflammation in PD development, immunomodulation as a neuroprotective and therapeutic strategy is thought to be a novel method for Parkinson\'s disease ([@b10-mmr-17-04-4883]). Thus, it is may be a new therapeutic approach to investigate PD from an immunological perspective to alleviate the disease.

Treatment of PD has attracted big interest because the prevention of PD is still a challenge for physicians. Previous studies have reported that green tea polyphenol, (−)-epigallocatechin-3-gallate (EGCG), prevented 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced loss of dopaminergic neurons in the substantia nigra, which was concomitant with a depletion in striatal dopamine and tyrosine hydroxylase (TH) protein levels ([@b11-mmr-17-04-4883]). Another study demonstrated that the protective effects of EGCG in the MPTP mouse model of PD was via inhibiting neuronal nitric oxide synthase in the substantia nigra ([@b12-mmr-17-04-4883]). Moreover, EGCG has immunomodulatory effects in many disease models, including nerve system disease ([@b13-mmr-17-04-4883]--[@b15-mmr-17-04-4883]). Therefore, the present study investigated the neuroprotective effect of EGCG and the peripheral immune response changes in the MPTP-induced PD mouse model, which will hopefully identify the possible targets of EGCG in PD.

Materials and methods
=====================

### Ethics statement

All animal experiments were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA). The animal protocols were approved by the Committee on the Ethics of Animal Experiments of the Dalian Medical University (Dalian, China).

### Animals and treatment

C57BL/6J mice (6--8 weeks old, male, weighing 16--25 g) purchased from the Experimental Animal Center of Dalian Medical University (Dalian, China; SPF level) were used for the present study. Mice were maintained at a constant temperature of 20--22°C under a 12 h light/dark cycle of artificial light and had free access to food and water. The 20 mice were randomly divided into four groups with five per group: i) The control group, ii) the MPTP (30 mg/kg/day) group, iii) the MPTP+EGCG (MTPT dose of 30 mg/kg/day; EGCG dose of 25 mg/kg/day) group; and iv) the MPTP+EGCG (MTPT dose of 30 mg/kg/day; EGCG dose of 50 mg/kg/day) group. The subchronic method was used to establish the MPTP-induced PD mouse model ([@b16-mmr-17-04-4883]). MPTP groups were administered intraperitoneal injections of MPTP-HCl (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in saline once daily at a dosage of 30 mg/kg/day for 5 consecutive days. The remaining groups were administered intraperitoneal injections of saline. EGCG (≥97%) was purchased from Sigma-Aldrich; Merck KGaA, the chemical structure of EGCG is presented in [Fig. 1](#f1-mmr-17-04-4883){ref-type="fig"}. The doses of EGCG (25 and 50 mg/kg) was chosen according to the previous article ([@b17-mmr-17-04-4883]). EGCG in water was administered from 1 day prior to MPTP treatment to the day 20 after MPTP injection with gavage.

### Behavior test

The mice in the PD groups performed the 'pole test' to assess motor coordination 1 day prior to MPTP injection and on the 5, 10, 15 and 20th day following the last MPTP injection. Mice were trained 3 days before MPTP injection ([@b18-mmr-17-04-4883]). The 'pole test' consisted of a gauze-taped pole (50 cm high, 1 cm in diameter) with a small cork ball at the top. Mice were placed with their head facing upwards immediately below the ball. Two times were recorded: The time it took for the mouse to turn completely downward (T-turn) and the time it took to descend to the floor (T-total), with a cut-off limit of 60 sec. The test was performed 3 times at 10 min intervals, and the average time was recorded.

### Blood sample preparation

Peripheral blood was drawn following the last day treatment of each group. All of the mice were anesthetized and 0.5--0.6 ml peripheral blood was drawn through the angular vein. Serum was separated from the whole blood at 4°C by centrifugation at 400 × g for 10 min, subpackaged in an EP tube and stored at −80°C until processed for ELISA analysis. Peripheral blood mononuclear cells (PBMCs) were isolated with deionized water as a lysate, incubated with fluorescently labeled antibodies against CD3^+^, CD4^+^ and/or CD8^+^ T cells (cat. nos. 100309, 100405, and 100707; BioLegend, Inc., San Diego, CA, USA) according to the manufacturer\'s instructions, washed twice with 0.01 M PBS (pH=7.4) and prepared for flow cytometric analysis.

### Brain tissue preparation

Brain tissue was dissected from mice from each group following treatment. All of the mice were anesthetized and rapidly perfused through the aorta with saline for 10 min, followed by 4°C precooled 4% paraformaldehyde for 10 min. The mice were then decapitated, and their brains were rapidly removed and post-fixed by immersion in 4% paraformaldehye at 4°C for 12 h. Finally, the brain was sequentially dehydrated with 20 and 30% sucrose in 0.1 M PBS for immunofluorescence.

### Immunofluorescence

Brain sections (20 µm thick) were cut at −20°C following dehydration with 20 and 30% sucrose in 0.1 M PBS, and were then mounted on glass slides. The sections were microwaved twice and then cooled at room temperature for 30 min. The sections were then rinsed 3 times and incubated in 0.3% Triton X-100 for 30 min. After washing in PBS, the sections were blocked for 30 min at 37°C with 10% normal goat serum (cat. no. SL039; 1:10; Beijing Solarbio Science & Technology, Co., Ltd., Beijing, China). The sections were then incubated with mouse anti-tyrosine hydroxylase (cat. no. 22941; 1:4,000; ImmunoStar, Inc., Hudson, WI, USA) at 4°C for 16--24 h. With overnight incubation, the sections were rinsed and incubated in the dark for 2 h with tetramethylrhodamine-conjugated goat anti-mouse (cat. no. 115-025-003; 1:500; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). After washing, the slides were coverslipped. Images were taken using a fluorescence microscope (Leica DM4000B, Leica, Wetzlar, Germany). Positive cells were measured using image analysis software (ImageJ, version, 1.46; National Institutes of Health, Bethesda, MD, USA).

### Flow cytometric analysis

Following centrifugation at 4°C and 400 × g for 10 min, each sample was resuspended in 500 µl of 0.01 M PBS (pH=7.4 at a density of 1×10^6^ cells/100 µl) and analyzed using a FAC Scan flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). PBMCs were stained at room temperature for 30 min with PE-Cy5-conjugated anti-CD3^+^ (cat. no. 100309; BioLegend, Inc.), fluorescein isothiocyanate-conjugated anti-CD4^+^ (cat. no. 100405; BioLegend, Inc.), and phycoerythrin-conjugated anti-CD8^+^ (cat. no. 100707; BioLegend, Inc.) antibodies. The data analysis was performed using CellQuest software (version 5.1; BD Biosciences), and the results are expressed as the percentage of cells in a gated T cell region. CD4^+^ and CD8^+^ T cells were gated on CD3^+^ T cells.

### ELISA analysis

Concentrations of tumor necrosis factor (TNF)-α and interleukin (IL)-6 in the blood serum were determined by ELISA using commercially available kits (cat. nos. 410-TRNC-050/CF and 406-ML-005/CF; R&D Systems, Inc., Minneapolis, MN, USA). Standard, control and test samples were added to each well and incubated for the appropriate times with associated primary antibodies and conjugates, in accordance with the manufacturer\'s protocol (R&D Systems, Inc.). After washing four times, the substrate solution was added to each well, and the reactions were incubated for 30 min at room temperature in the dark. Finally, the reactions were terminated by the addition of stop solution, and the optical density of each well was determined at a wavelength of 450 nm using a microplate reader (AD340; BioTek Instruments, Inc., Winooski, VT, USA).

### Statistical analysis

All quantitative data were analyzed using SPSS software (version, 17.0; SPSS, Inc., Chicago, IL, USA). The results are expressed as the means ± standard error of the mean. The data were analyzed using a one-way analysis of variance, followed by Tukey\'s multiple comparison test. P\<0.05 was considered to indicate a statistically significant difference. All statistical analyses in this study were performed using Prism 5 for Windows, version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

### Effects of EGCG on behavior in the 'pole test'

The motor dysfunction in the MPTP-induced PD model was used to study the dopaminergic neuron degeneration and the motor activity. The authors used the 'pole test' to assess whether the MPTP-induced PD model was successful for bradykinesia. As presented in [Fig. 2](#f2-mmr-17-04-4883){ref-type="fig"}, the effect of EGCG on the behavior of mice was compared to the non-treated groups. Time of 'T-turn' and 'T-total' significantly increased following given MPTP (P\<0.05) and were reduced with administration of EGCG (P\<0.05).

### Effects of EGCG on tyrosine hydroxylase (TH)-positive cells

The TH-positive neurons in the SNpc region, which are the phenotypic marker for dopaminergic neurons, were used to estimate the neuronal protection of EGCG in the MPTP-induced mouse model. The number of TH-positive neurons in the SNpc region was determined by counting the number of TH-positive cells. As demonstrated in [Fig. 3](#f3-mmr-17-04-4883){ref-type="fig"}, MPTP-treated mice exhibited a significant reduction in the number of TH-positive neurons compared with the control group (P\<0.05). However, when MPTP was combined with EGCG treatment, the number of TH-positive neurons significantly increased compared with that in the MPTP-treated group (P\<0.05).

### Effects of EGCG on CD3^+^CD4^+^ and CD3^+^CD8^+^ T cells in the peripheral blood

To evaluate the adaptive immunity changes in MPTP-treated mice and the therapeutic effect of EGCG, the authors analyzed CD3^+^ T cells, CD3^+^CD4^+^ T cells, and CD3^+^CD8^+^ T cells to represent the level of adaptive immunity. The results are presented in [Fig. 4](#f4-mmr-17-04-4883){ref-type="fig"}. The percentage of CD3^+^CD4^+^ T cells was lower (P\<0.05; [Fig. 4B](#f4-mmr-17-04-4883){ref-type="fig"}) and the percentage of CD3^+^CD8^+^ T cells was higher (P\<0.05; [Fig. 4C](#f4-mmr-17-04-4883){ref-type="fig"}) in MPTP mice than in controls. The ratio of CD3^+^CD4^+^ to CD3^+^CD8^+^ T cells was lower (P\<0.05) in MPTP mice than in controls ([Fig. 4D](#f4-mmr-17-04-4883){ref-type="fig"}). Whereas, with the EGCG treatment, the results were reversed.

### Effects of EGCG on TNF-α and IL-6 in the serum

To further assess the effects of EGCG combined with MPTP on the secretion of proinflammatory cytokines in PD mice, the serum levels of TNF-α and IL-6 were tested. As presented in ([Table I](#tI-mmr-17-04-4883){ref-type="table"}) and ([Fig. 5](#f5-mmr-17-04-4883){ref-type="fig"}), the levels of TNF-α and IL-6 significantly increased in the MPTP mice compared with the control mice (P\<0.05). With EGCG treatment, the levels of TNF-α and IL-6 significantly decreased compared with the MPTP mice (P\<0.05).

Discussion
==========

Previous studies have indicated that peripheral inflammation occurs in PD and accelerates disease progression ([@b19-mmr-17-04-4883],[@b20-mmr-17-04-4883]). Some nonsteroidal anti-inflammatory drugs have been suggested to protect against PD progression and have been associated with a lower PD risk ([@b21-mmr-17-04-4883]). In the last decade, some of these herbal medicines have been considered to be therapeutic agents in PD models via their modulation of certain factors implicated in PD pathogenesis ([@b22-mmr-17-04-4883]--[@b24-mmr-17-04-4883]). EGCG is the most widely studied catechin in green tea and has been indicated to regulate immune function ([@b13-mmr-17-04-4883]). Although EGCG has long been used to improve immune system function ([@b25-mmr-17-04-4883]), the peripheral immunomodulatory effect of EGCG has not been studied in an MPTP-induced PD mouse model.

In the present study, the authors established the PD mouse model induced by MPTP, which could cause dopaminergic neuronal loss in the SNpc and lead to motor deficits in mice ([@b26-mmr-17-04-4883]). Consistent with reports before, the 'pole test' indicated that the motor function of the PD mice was impaired and EGCG restored the motor dysfunction. The authors further examined the number of TH-positive dopaminergic neurons to assess the neuroprotective role of EGCG, and the results indicated that the dopaminergic neurons of the PD mice reduced and EGCG prevented the loss of the neurons. These results indicated that EGCG exerted behavior restoration and protected dopaminergic neurons from MPTP-induced degeneration.

Previous research has implicated peripheral inflammation in neurodegenerative diseases. Increasing studies have demonstrated that peripheral immune system activation exacerbates the CNS inflammatory response and accelerates neurodegeneration in PD ([@b26-mmr-17-04-4883]). It has been reported that, in peripheral blood, CD4^+^ T cells decreased and CD8^+^ T cells increased were observed in mouse model ([@b27-mmr-17-04-4883],[@b28-mmr-17-04-4883]). In the current study, the ratio of CD3^+^CD4^+^ to CD3^+^CD8^+^ T cells decreased, which indicated altered T cell function in MPTP mice, whereas with EGCG treatment, the results were reversed. These results suggested that CD3^+^CD4^+^ to CD3^+^CD8^+^ T cells altered in the MPTP-induced PD mice, and EGCG successfully reversed this dysfunction.

Cytokines are small proteins that function in inflammatory processes and in the regulation of the immune system ([@b29-mmr-17-04-4883]). In addition, the role of proinflammatory cytokines in the serum of MPTP-treated mice was investigated. Studies reported that elevated serum concentrations of TNF-α and IL-6 correlated with an increased risk of PD ([@b7-mmr-17-04-4883],[@b30-mmr-17-04-4883]), which is consistent with a previous study ([@b31-mmr-17-04-4883]). In the present study, the serum concentrations of TNF-α and IL-6 were elevated in PD mice and decreased in EGCG mice. These results suggested that EGCG could reduce proinflammatory cytokines in the PD mouse model and may be helpful in reducing the dopaminergic neurons death, and its modulation may represent a new therapeutic approach for PD.

In conclusion, the authors demonstrated that the neuroprotective and immunoprotective effects of EGCG in MPTP-treated mice. These results indicated that EGCG could modulate the peripheral inflammation and protect dopaminergic neurons loss in MPTP PD model. However, the underlying molecular mechanism of the immunological effects of EGCG remain unclear, future studies will include the mechanisms responsible for immunomodulation of EGCG.

![Chemical structure of (−)-Epigallocatechin-3-gallate.](MMR-17-04-4883-g00){#f1-mmr-17-04-4883}

![Effect of EGCG on the T-turn and T-total times. (A) T-turn. (B) T-total. Data are presented as the mean ± standard error of the mean (n=5). \*P\<0.05 vs. control group; ^\#^P\<0.05 vs. MPTP group. EGCG, (−)-Epigallocatechin-3-gallate; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.](MMR-17-04-4883-g01){#f2-mmr-17-04-4883}

![Effect of EGCG on SNpc dopaminergic neurons following MPTP treatment. (A) Immunofluorescence of TH. (a) control group; (b) MPTP group; (c) MPTP+EGCG (25 mg/kg) group; (d) MPTP+EGCG (50 mg/kg) group. Magnification, ×100. (B) The number of TH-positive cells in the SNpc. \*P\<0.05 vs. control group and ^\#^P\<0.05 vs. MPTP group. Data are presented as the mean ± standard error of the mean (n=5). EGCG, (−)-Epigallocatechin-3-gallate; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SNpc, substantia nigra pars compacta.](MMR-17-04-4883-g02){#f3-mmr-17-04-4883}

![Effects of EGCG on the level of CD3^+^CD4^+^ T cells and CD3^+^CD8^+^ T cells. The red and pink dots represent T cells. (A) The CD4^+^ T cells and CD8^+^ T cells are gated in CD3^+^ T cell region. (B) CD3^+^CD4^+^ T cells. (C) CD3^+^CD8^+^ T cells. (D) The ratio of CD3^+^CD4^+^/CD3^+^CD8^+^ T cells. \*P\<0.05 vs. control group and ^\#^P\<0.05 vs. MPTP group. Data are presented as the mean ± standard error of the mean (n=5). EGCG, (−)-Epigallocatechin-3-gallate; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.](MMR-17-04-4883-g03){#f4-mmr-17-04-4883}

![Effect of EGCG on (A) TNF-α and (B) IL-6 concentrations in blood serum. \*P\<0.05 vs. control group and ^\#^P\<0.05 vs. MPTP group. Data are presented as the mean ± standard error of the mean (n=5). EGCG, (−)-Epigallocatechin-3-gallate; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TNF-α, tumor necrosis factor-α; IL, interleukin.](MMR-17-04-4883-g04){#f5-mmr-17-04-4883}

###### 

Concentrations of TNF-α and IL-6 in blood serum (pg/ml).

  Group                  n   TNF-α                                                            IL-6
  ---------------------- --- ---------------------------------------------------------------- -------------------------------------------------------------
  Control                8   445.35±17.13                                                       96.50±7.89
  MPTP                   8     670.34±33.06^[a](#tfn1-mmr-17-04-4883){ref-type="table-fn"}^   126.55±8.74^[a](#tfn1-mmr-17-04-4883){ref-type="table-fn"}^
  MPTP+EGCG (25 mg/kg)   8     456.83±31.81^[b](#tfn2-mmr-17-04-4883){ref-type="table-fn"}^   108.12±7.18^[b](#tfn2-mmr-17-04-4883){ref-type="table-fn"}^
  MPTP+EGCG (50 mg/kg)   8     447.57±14.30^[b](#tfn2-mmr-17-04-4883){ref-type="table-fn"}^   102.83±6.69^[b](#tfn2-mmr-17-04-4883){ref-type="table-fn"}^

P\<0.05 vs. control group

P\<0.05 vs. MPTP group (n=8). TNF-α, tumor necrosis factor-α; IL, interleukin; MPTP, 1-methyl-4-pheny l-1,2,3,6-tetrahydropyridine; EGCG, (−)-Epigallocatechin-3-gallate.
